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Abstract 

Bimetallic,  dual  bed  catalysts  made  up  of  metal  oxides  were  investigated  in  the  millisecond  catalytic  partial  oxidation  of  methane  to  synthesis 
gas.  A  metal  oxide  combustion  catalyst  containing  manganese,  chromium,  or  copper  was  coupled  with  a  nickel  reforming  catalyst  to  carry  out 
the  partial  oxidation  of  methane.  These  catalysts  produce  hydrogen  yields  that  compare  to  a  platinum/nickel  dual  bed  catalyst  at  a  fraction  of 
the  cost.  The  high  space  velocity  of  the  millisecond  reactor  improves  performance  by  giving  high  rates  of  heat  convection  from  the  exothermic, 
upstream  combustion  catalyst  to  the  downstream,  endothermic  reforming  catalyst.  Additionally,  over  a  10  h  experiment,  the  catalyst  activity  did 
not  decrease. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 


For  on-board  processing  of  fuel  to  hydrogen,  the  catalytic 
partial  oxidation  process  (1)  has  several  advantages  over  steam 
reforming  (2). 


ch4  +  \o2  - 

>  2H2  +  CO 

A  77  =  —36  kJ  mol  1 

(i) 

ch4  +  h2o  - 

-*  3H2+CO 

AH  =  206  kJ  mol-1 

(2) 

The  major  benefits  of  partial  oxidation  over  steam  reform¬ 
ing  are  a  2-3  order  of  magnitude  decrease  in  residence  time 
[1,2],  faster  start-up  [3,4]  and  the  ability  to  easily  reform  a  wide 
array  of  fuels,  including  methane  [5,6],  alcohols  [7-9],  gasoline 
[10]  and  diesel  [11,12].  These  traits  lead  to  a  partial  oxidation 
reformer  that  uses  a  catalyst  support  on  the  order  of  inches  in 
diameter  and  an  inch  thick  that  is  capable  of  reforming  a  wide 
variety  of  fuels  to  hydrogen  for  an  automobile  in  under  5  s.  One 
major  drawback  of  partial  oxidation  is  that  rhodium  is  the  most 
stable  and  active  metal  to  catalyze  this  reaction  [13].  In  compar¬ 
ison,  steam  reforming  uses  nickel,  which  is  orders  of  magnitude 
cheaper  than  rhodium. 
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Recently,  it  has  been  reported  that  stratified  beds  of  platinum 
and  nickel  obtain  comparable  activity  and  stability  to  rhodium 
for  catalytic  partial  oxidation  of  methane  at  about  half  the  cost 
[14].  This  catalyst  works  on  the  basis  that  partial  oxidation  (1) 
can  be  divided  into  combustion  (3)  and  a  pair  of  reforming  reac¬ 
tions,  steam  (2)  and  dry  (4)  reforming. 

CH4  +  202  -*  2H20  +  C02  AH  =  — 802kJmol-1  (3) 

CH4  +  C02  -*  2H2  +  2CO  AH  =  247 kJ moP 1  (4) 

The  previous  work  used  platinum  for  combustion  and  nickel 
for  reforming.  In  this  work,  the  stratified  bed  concept  is  extended 
to  make  use  of  metal  oxides  as  combustion  catalysts.  In 
reviews  of  catalytic  combustion,  cobalt,  manganese,  copper  and 
chromium  have  been  identified  as  active  metal  oxide  combustion 
catalysts  [15,16].  In  this  work,  cobalt  was  not  examined,  since 
it  has  been  shown  previously  that  cobalt  deactivates  rapidly  at 
this  feed  rate  and  stoichiometry  [13]. 

There  are  a  number  of  contributions  in  the  literature  that 
investigate  the  use  of  metal  oxides  in  the  catalytic  combustion 
of  methane.  However,  most  of  these  investigations  look  at  the 
combustion  of  methane  in  excess  oxygen  diluted  with  either 
helium  or  nitrogen.  Zaki  et  al.  [17]  investigated  the  oxidation 
of  methane  on  manganese  oxide  supported  on  various  ceramics. 
Using  feeds  of  methane  and  excess  oxygen  diluted  in  helium, 
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they  found  that  silica-alumina  was  the  best  support  and  that  the 
catalyst  was  chemically  and  structurally  stable.  Wang  and  Xie 
[18,19]  tested  doped  manganese  oxide  catalysts  for  deep  oxida¬ 
tion  of  methane  and  excess  oxygen  diluted  in  nitrogen  and  found 
comparable  activity  to  palladium  especially  at  low  temperatures 
(<420  °C).  Marion  et  al.  [20]  tested  the  activity  of  copper  oxide 
loaded  on  alumina  for  methane  combustion  with  excess  oxygen 
diluted  in  nitrogen.  They  found  high  activity  and  stable  operation 
in  an  aging  study  conducted  at  temperatures  less  than  1000  °C. 
Artizzu  et  al.  [21]  found  that  by  using  a  spinel  support  for  the 
copper  oxide,  the  catalyst  would  not  degrade  at  1000  °C.  Ander¬ 
son  et  al.  [22]  tested  a  number  of  metals  for  the  catalysis  of 
methane  combustion  in  excess  oxygen  without  a  diluent.  They 
found  that,  besides  noble  metals,  chromium  oxide  supported 
on  alumina  was  the  most  active  catalyst  for  methane  combus¬ 
tion.  No  information  was  found  for  the  catalytic  combustion  of 
methane  under  fuel  rich  conditions  at  high  space  velocities  for 
any  of  the  metal  oxides  based  on  copper,  chromium  or  man¬ 
ganese. 

The  major  benefit  of  using  a  metal  oxide  catalyst  is  the  price. 
In  the  platinum/nickel  dual  bed  catalyst,  the  major  cost  is  the 
platinum.  The  platinum/nickel  catalyst  is  much  cheaper  than 
rhodium,  but  it  is  still  expensive.  The  average  price  of  platinum 
in  2004  was  US$  27,400  kg-1  [23].  The  metals  used  to  produce 
the  metal  oxides  are  much  cheaper  than  platinum.  According 
to  the  US  Geological  Survey,  copper  was  US$  2.91  kg-1  and 
chromium  was  US$5. 38  kg-1  in  2004.  The  price  for  pure  man¬ 
ganese  was  not  available,  though  the  price  is  not  expected  to  be 
orders  of  magnitude  higher  than  chromium  or  copper.  Eliminat¬ 
ing  platinum  from  the  dual  bed  catalyst  will  greatly  reduce  the 
price  of  the  catalyst,  since  nickel  was  only  US$  13.83  kg-1. 

In  this  work,  dual  bed  partial  oxidation  catalysts  utilizing 
manganese,  copper  and  chromium  oxides  for  combustion  and 
nickel  for  reforming  were  compared  to  previous  results  for  a 
platinum  combustion  catalyst  followed  by  a  nickel  reforming 
catalyst.  In  all  cases,  the  relative  space  velocity  for  the  com¬ 
bustion  catalyst  and  the  reforming  catalyst  were  equal.  In  this 
work,  dual  bed  catalysts  are  denoted  only  by  the  metal  used  in 
the  combustion  section,  even  though  the  metal  oxide  is  used  as 
a  catalyst.  The  effects  of  methane  to  oxygen  (C/O)  ratio  in  the 
feed  and  the  gas  hourly  space  velocity  (GHS  V)  were  examined. 
Catalyst  degradation  studies  were  performed  by  observing  the 
reactant  conversions,  product  selectivities  and  back  face  tem¬ 
perature  over  10  h  on  stream. 

2.  Experimental 

2.7.  Apparatus 

A  schematic  of  the  reactor  is  shown  in  Fig.  1.  The  reactor 
consisted  of  a  quartz  tube  of  1 8  mm  in  inner  diameter.  The  cat¬ 
alytic  metal  is  supported  on  an  80  pores  per  inch  (ppi)  foam 
monolith  composed  of  a-alumina.  The  catalytic  foam  mono¬ 
lith  was  placed  in  between  two  blank,  45  ppi  monoliths,  which 
acted  as  axial  heat  shields.  The  monoliths  are  wrapped  in  Fiber- 
frax,  an  alumino- silicate  paper,  to  prevent  gas  bypass.  A  K-type 
thermocouple  is  placed  through  the  downstream  heat  shield  to 
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Fig.  1.  A  schematic  of  the  sequential  bed  catalyst.  The  sequential  bed  catalyst 
is  made  up  of  two  5  mm  monoliths.  In  this  work,  the  first  monolith  is  coated 
with  metal  oxides  of  manganese,  copper  or  chromium.  The  second  monolith 
was  coated  with  nickel. 

make  contact  with  the  back  face  of  the  second  catalytic  (nickel 
oxide)  monolith.  The  temperatures  reported  in  Section  3  are  the 
back  face  temperatures.  Gases  are  fed  thru  Tylan  mass  flow  con¬ 
trollers. 

The  catalyst  is  lit  off  by  feeding  the  gases  and  placing  the 
flame  of  a  Bunsen  burner  on  the  reactor  in  the  proximity  of  the 
catalyst.  Once  the  catalyst  is  lit  off,  the  Bunsen  burner  is  removed 
and  an  inch  thick  piece  of  Isofrax  insulation  is  placed  around  the 
reactor  to  prevent  radial  heat  losses.  The  amount  of  insulation 
remained  constant  to  avoid  changes  in  heat  losses  that  affect  the 
temperature  of  the  reactor. 

Once  the  reactor  has  reached  steady  state,  product  gases 
are  sampled  with  a  gas  tight  syringe.  The  syringe  contents  are 
injected  into  an  Agilent  6890  gas  chromatograph  (GC).  The  GC 
uses  an  HP-PFOT  Q  column  to  separate  carbon  dioxide  from 
the  other  gases  and  a  HP-PFOT  5A  column  is  used  to  separate 
nitrogen,  oxygen,  methane  and  carbon  monoxide.  The  gases  are 
detected  by  a  thermal  conductivity  detector  using  helium  as  the 
carrier  gas.  Since  hydrogen  and  water  are  not  measured  in  the 
GC,  water  concentration  is  obtained  by  closing  the  atomic  oxy¬ 
gen  balance  and  hydrogen  is  then  found  by  closing  the  atomic 
hydrogen  balance.  The  carbon  balance  is  calculated  and  closes  to 
within  ±5%.  Each  data  point  shown  in  the  figures  is  an  average 
over  three  experimental  runs. 

2.2.  Catalyst  preparation 

The  catalyst  metals  are  supported  on  80  ppi  a-alumina  foam 
(tortuous)  monoliths  that  are  17  mm  in  diameter  and  5  mm  in 
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axial  length.  The  monoliths  are  first  washcoated  with  7-alumina 
by  pipeting  an  alumina  slurry  on  the  monolith  and  drying 
overnight.  Washcoat  loadings  range  between  2.3%  and  8.7%  by 
weight  of  the  blank  monolith.  The  washcoat  layer  adds  surface 
area  and  decreases  the  pore  diameter.  The  metals  are  deposited 
using  the  incipient  wetness  technique  by  pipeting  the  appropri¬ 
ate  salt  solution  (hydrogen  hexachloroplatinate,  nickel  nitrate 
hexahydrate,  manganese  (II)  nitrate,  chromium  (III)  nitrate  non- 
ahydrate  and  copper  (II)  nitrate  hemipentahydrate)  directly  on 
the  foam  support.  The  catalysts  are  then  dried  overnight  and 
calcined  in  air  at  750  °C  for  6-8  h.  During  the  calcination  of  the 
monolith,  the  volatile  part  of  the  metal  salt  is  volatilized  and 
the  metal  oxide  is  formed.  The  metal  loadings  on  the  catalysts 
ranged  between  2.2%  and  6.7%  metal  oxide  by  weight  of  the 
washcoated  monolith. 

2.3.  Reactor  performance 

The  catalyst  performance  is  based  on  the  conversion  of  reac¬ 
tants  and  selectivities  to  desired  products.  The  conversion  of 
species  i  (X/)  is  calculated  as  the  ratio  of  the  reactant  consumed 
to  that  fed: 

v  Fi,  in  —  ^7. out 

A  7  - 

F 

1  Lin 

where  Ftf n  is  the  flow  rate  of  species  i  into  the  reactor  and  F^0 ut 
is  the  flow  of  species  i  leaving  the  reactor,  both  corrected  to 
standard  conditions  (25  °C,  1  atm). 

The  selectivity  of  atom  i  to  form  species  j  ( Sij )  is  given  as: 

£  _  vijFj,  out 

,out 

where  vij  is  the  stoichiometric  amount  of  atom  i  in  species  j. 
The  denominator  is  summed  over  all  species,  k.  The  yield  of  a 
product  is  the  conversion  multiplied  by  the  product  selectivity. 

In  several  experiments,  the  effects  of  varying  the  gas  hourly 
space  velocity  were  investigated.  The  gas  hourly  space  velocity 
is  defined  as: 

j  jgy  z, total 

£  ^monolith 

where  Fi  total  is  the  total  volumetric  flow  rate  entering  the  reactor 
at  standard  temperature  and  pressure,  s  is  the  monolith  void 
fraction  and  Vmonolith  is  the  volume  of  the  monolith. 

3.  Results 

3.1.  Feed  stoichiometry 

Fig.  2  shows  the  behavior  of  the  (a)  back  face  temperature, 
(b)  methane  conversion,  (c)  hydrogen  selectivity  and  (d)  carbon 
monoxide  selectivity  over  a  wide  range  of  methane  to  oxygen 
(C/O)  feed  ratios.  The  gas  hourly  space  velocity  was  maintained 
at  216,000  h-1. 

The  back  face  temperatures  of  all  four  catalysts  are  similar 
over  the  entire  range  of  C/O  feed  ratios.  For  a  C/O  ratio  of  1.7, 
the  temperatures  range  from  720  to  740  °C.  As  the  C/O  ratio 


increases,  the  temperature  decreases  continuously.  All  four  back 
face  temperatures  range  from  655  to  695  °C  at  a  C/O  ratio  of  2. 1 . 

The  platinum  combustion  catalyst  obtains  the  highest 
methane  conversion  over  the  entire  range  of  feed  ratios.  The 
metal  oxide  combustion  catalysts  show  a  continuous  decrease  in 
methane  conversion  from  89%  to  73%  as  the  feed  ratio  increases. 
The  platinum  catalyst  obtains  a  methane  conversion  of  93%  at 
the  lowest  feed  ratio  to  87%  at  the  highest  feed  ratio. 

As  the  feed  ratio  increases,  the  metal  oxide  catalysts  experi¬ 
ence  a  slight  increase  in  hydrogen  selectivity  from  94%  to  96%, 
whereas  the  platinum  catalyst  exhibits  a  range  of  90-92%.  The 
hydrogen  concentration  is  obtained  by  a  material  balance,  so  it 
has  a  larger  uncertainty. 

All  catalysts  show  a  constant  carbon  monoxide  selectivity 
over  the  entire  range  of  feed  ratios.  The  metal  oxides  obtain  a 
selectivity  of  86%  and  the  platinum  catalyst  obtains  a  selectivity 
of  89%. 

3.2.  Gas  hourly  space  velocity 

Fig.  3  shows  the  effect  of  GHSV  on  the  (a)  back  face  tem¬ 
perature,  (b)  methane  conversion,  (c)  hydrogen  selectivity  and 
(d)  carbon  monoxide  selectivity.  The  C/O  ratio  in  the  feed  was 
maintained  at  1.7. 

All  catalysts  show  a  temperature  rise  as  the  GHSV  increases. 
The  metal  oxide  catalysts  experienced  smaller  temperature  rises 
of  30  °C  from  on  average  710  to  740  °C.  The  platinum  catalyst 
exhibited  a  larger  temperature  rise  of  70  °C  from  670  to  740  °C. 

The  platinum  catalyst  showed  the  highest  methane  conver¬ 
sion  starting  at  88%  and  rising  to  94%  before  decreasing  back  to 
91%,  as  the  GHSV  increased.  The  chromium  catalyst  started  at 
86%  rose  to  89%  and  fell  back  to  86%  as  the  GHSV  increased. 
The  manganese  and  copper  catalysts  showed  a  constant  increase 
from  85%  to  91%  as  the  GHSV  increased.  The  manganese 
and  copper  catalysts  did  not  show  a  maximum  as  the  GHSV 
increased. 

As  the  GHSV  increases,  the  metal  oxide  catalysts  exhibit  an 
increase  in  hydrogen  selectivity,  whereas  the  platinum  catalyst 
shows  a  slight  decrease  or  flat  profile.  All  catalysts  achieve  sim¬ 
ilar  hydrogen  selectivity  at  low  GHSVs,  but  the  metal  oxides 
obtain  higher  selectivities  than  platinum  at  higher  GHSVs. 

All  catalysts  show  a  slight  increase  in  carbon  monoxide  selec¬ 
tivity.  At  the  highest  GHSV,  the  platinum  catalyst  achieves  a 
slightly  higher  selectivity  of  88%  compared  to  86%  for  the  metal 
oxide  catalysts. 

3.3.  Catalyst  degradation 

Fig.  4  shows  the  back  face  temperature,  reactant  conversions 
and  selected  product  selectivities  for  (a)  a  Cu/Ni  catalyst,  (b)  a 
Cr/Ni  catalyst  and  (c)  a  Mn/Ni  catalyst.  The  experiments  were 
carried  out  for  10  h  at  a  GHSV  of  216,000  h-1  and  a  C/O  feed 
ratio  of  1.7. 

The  copper  catalyst  shows  constant  oxygen  conversion  and 
carbon  monoxide  selectivity  over  the  entire  10  h  period.  The  cat¬ 
alyst  does  show  an  increasing  hydrogen  selectivity  and  methane 
conversion  as  the  experiment  progresses.  The  catalyst  also  shows 
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Fig.  2.  Back  face  temperature  (a),  methane  conversion  (b),  hydrogen  selectivity  (c)  and  carbon  monoxide  selectivity  (d)  for  the  catalytic  partial  oxidation  of  methane 
performed  in  air  over  manganese  oxides  (♦),  copper  oxides  (■),  chromium  oxides  (A)  and  platinum  (•)  for  varying  methane  to  oxygen  feed  ratios  at  a  GHSV  of 
216,000  h-1.  Each  data  point  is  averaged  over  three  different  experiments.  Lines  are  added  to  aid  the  visual  presentation  of  the  plot. 


a  decreasing  temperature  as  the  reaction  progresses.  All  three 
parameters  take  nearly  the  full  10  h  to  reach  steady  state. 

The  chromium  catalyst  experiences  similar  behavior  to  that 
of  the  copper  catalyst.  Oxygen  conversion  and  carbon  monox¬ 
ide  selectivity  are  constant  during  the  experiment.  However, 
the  methane  conversion  and  hydrogen  selectivity  increase  over 
time  whereas  the  temperature  decreases  over  time.  These  three 
parameters  approach  steady  state  after  10  h,  but  still  seem  to  be 
experiencing  some  change,  especially  in  the  temperature. 

The  manganese  catalyst  achieves  flat  profiles  for  all  param¬ 
eters  investigated.  There  is  no  significant  change  in  any  of  the 
parameters  over  the  entire  10  h  experiment. 

4.  Discussion 

4.1.  Metal  oxides  versus  platinum 

Over  a  wide  range  of  feed  ratios  and  GHSVs  the  metal  oxide 
catalysts  achieved  hydrogen  yields  as  high  or  nearly  as  high  as 
the  platinum  catalyst.  For  experiments  in  which  the  methane  to 
oxygen  feed  ratio  varied,  the  metal  oxide  catalysts  showed  sim¬ 
ilar  temperature  and  carbon  monoxide  selectivity  behavior  over 


the  entire  range.  The  metal  oxides  did  exhibit  a  selectivity  to 
hydrogen  that  averaged  between  4%  and  6%  higher  than  plat¬ 
inum.  However,  the  hydrogen  selectivities  are  calculated  from 
material  balances,  which  add  a  significant  amount  of  uncertainty 
to  the  measurement.  Given  this  uncertainty  it  is  not  conclusive 
that  the  metal  oxide  catalysts  give  a  significantly  higher  selec¬ 
tivity  than  platinum.  In  the  case  of  methane  conversion,  the 
platinum  exceeds  the  metal  oxides  by  4%  at  the  smaller  ratio 
and  up  to  16%  at  the  higher  feed  ratio.  Since  methane  concen¬ 
tration  is  measured  directly  it  is  safe  to  say  that  platinum  obtains 
significantly  better  methane  conversions  than  the  metal  oxide 
catalysts.  However,  at  the  lower  ratio,  which  gives  the  highest 
conversion,  metal  oxides  achieve  comparable  performance  to 
the  platinum  catalyst. 

For  experiments  with  varying  GHSV,  the  metal  oxides  and 
platinum  catalysts  again  showed  similar  patterns  in  back  face 
temperature  and  carbon  monoxide  selectivity.  The  metal  oxides 
appear  to  obtain  a  higher  hydrogen  selectivity  than  platinum 
at  larger  GHSVs,  but  again  due  to  uncertainty  in  the  hydro¬ 
gen  selectivity  measurement,  it  is  not  possible  to  say  that  any 
catalyst  is  significantly  better  than  any  other.  For  methane  con¬ 
version,  the  platinum  catalyst  again  is  superior  to  the  metal 
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(a)  GHSV  [hr '] 


(b)  GHSV  [hr-1] 


(c)  GHSV  [hr1]  (d)  GHSV  [hr-1] 

Fig.  3.  Back  face  temperature  (a),  methane  conversion  (b),  hydrogen  selectivity  (c)  and  carbon  monoxide  selectivity  (d)  for  the  catalytic  partial  oxidation  of  methane 
performed  in  air  over  manganese  oxides  (♦),  copper  oxides  (■),  chromium  oxides  (A)  and  platinum  (•)  for  varying  GHSVs  at  a  methane  to  oxygen  ratio  of  1.7. 
Each  data  point  is  averaged  over  three  different  experiments.  Lines  are  added  to  aid  the  visual  presentation  of  the  plot. 


oxides.  Of  the  metal  oxides,  only  chromium  showed  a  maxi¬ 
mum  in  methane  conversion  similar  to  the  platinum  catalyst. 
It  is  not  yet  understood  why  chromium  experiences  this  peak, 
while  manganese  and  copper  do  not.  The  peak  is  probably  due  to 
the  transition  from  a  kinetically  limited  regime  to  a  mass  transfer 
limited  regime.  As  the  GHSV  increases,  the  heat  transfer  rate 
is  increased,  but  the  residence  time  for  mass  transfer  from  the 
bulk  to  the  catalyst  wall  is  decreased.  At  the  highest  GHSV,  the 
manganese  and  copper  catalysts  achieve  the  same  conversion  as 
platinum  with  chromium  being  4%  lower  than  the  others. 

All  three  metal  oxide  catalysts  gave  stable  performance  over 
the  entire  10  h  period  as  the  platinum  catalyst  does.  The  major 
difference  is  that  copper  and  chromium  did  not  reach  a  steady 
state  as  fast  as  the  manganese  and  platinum  catalysts.  This  is  a 
subject  of  further  research. 

It  is  important  to  note  that  the  metal  oxides  compare  favorably 
to  the  platinum  catalyst  at  low  C/O  feed  ratios  and  high  GHSVs. 
Both  of  these  conditions  lead  to  the  maximum  hydrogen  yield 
of  85%.  Platinum  is  better  than  metal  oxides  over  a  wide  range 
of  operating  conditions,  but  it  is  not  significantly  better  at  the 
operating  conditions,  which  lead  to  maximum  hydrogen  yield. 


4.2.  Catalyst  light-off 

One  major  difference  between  metal  oxides  and  platinum 
catalysts  is  the  light-off  temperature.  The  metal  oxide  catalysts 
require  a  much  higher  temperature  to  light- off.  For  platinum  cat¬ 
alysts,  light-off  occurs  when  the  back  face  temperature  reaches 
~200  °C.  However,  for  the  metal  oxides  back  face  temperatures 
at  light-off  were  440  °C  for  chromium,  440  °C  for  manganese 
and  420  °C  for  copper.  To  obtain  a  large  enough  heat  flux,  two 
Bunsen  burners  were  placed  over  the  reactor  during  start-up  for 
the  metal  oxide  catalysts.  In  many  cases,  it  was  also  necessary 
to  operate  at  a  methane  to  oxygen  ratio  of  1.2  or  lower  and  a 
lower  flow  rate  to  achieve  light-off.  For  platinum  and  other  noble 
metals,  one  Bunsen  burner  was  sufficient  to  easily  light-off  the 
catalyst  at  a  C/O  ratio  of  2  and  a  higher  flow  rate. 

4.3.  Catalyst  degradation 

The  catalyst  degradation  experiments  show  that  over  a  10  h 
experiment  the  metal  oxide  catalysts  do  not  experience  a  drop 
in  activity.  However,  the  catalysts  do  experience  some  changes. 
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Fig.  4.  Feed  conversions  (oxygen,  ■  and  methane,  ♦),  product  selectivities 
(hydrogen,  ▲  and  carbon  monoxide,  •)  and  catalyst  back  face  temperatures 
(x,  secondary  axis)  for  copper  oxides  (a),  chromium  oxides  (b)  and  manganese 
oxides  (c)  for  a  10  h  experiment. 


The  manganese  catalyst  changes  from  black,  before  use,  to 
a  dark  orange.  This  can  be  explained  by  a  reduction  of  the 
manganese  from  MnC>2,  which  is  black,  to  Mn203,  which  is 
red/brown  and  possibly  Mn304.  This  is  supported  by  a  study 
using  thermogravimetry  and  evolved  gas  analysis  that  found  that 
MnC>2  is  reduced  to  Mn203  and  then  Mn304  under  1000  °C  in 
the  presence  of  oxygen  and  at  lower  temperature  in  nitrogen 
[24]. 

The  chromium  catalyst  did  not  show  a  visible  change  in  color. 
The  chromium  oxides  are  similar  to  each  other  in  color,  so  a 
change  in  oxidation  state  may  not  be  observable  through  visual 
inspection. 

The  copper  catalyst  was  black  at  the  beginning  of  the  exper¬ 
iments.  After  the  experiments,  it  is  black  on  the  upstream  side 
and  red  on  the  downstream.  Again,  the  upstream  section  prob¬ 
ably  stayed  as  CuO  and  the  downstream  section  was  reduced 
to  CU2O  or  Cu,  which  are  both  reddish.  This  is  supported  by 
a  previous  investigation  that  found  that  at  temperatures  up  to 
1000  °C,  copper  is  in  the  form  of  CuO  with  oxygen  present  and 
CU2O  or  Cu  when  oxygen  is  not  present  [25]. 

The  change  in  the  manganese  catalyst  does  not  manifest  as 
a  change  in  catalyst  activity  as  the  reactant  conversions,  prod¬ 
uct  selectivities  and  temperature  do  not  change  over  time.  It  is 
likely  that  either  both  oxidation  states  are  equally  active  or  the 
transition  from  Mn02  to  Mn203  takes  place  in  minutes.  In  the 
case  of  chromium  and  copper,  both  show  a  gradual  change  in  the 
catalyst  activity  over  time.  It  may  take  more  time  for  the  change 
in  oxidation  states  of  these  metals  and  each  state  probably  has  a 
different  activity.  Surface  analysis  through  characterization  and 
spectroscopy  are  a  subject  of  future  investigation  to  determine 
what  state  each  metal  is  in  during  operation.  Again,  it  is  impor¬ 
tant  to  note  that  in  no  case  was  the  activity  of  the  catalyst  greatly 
decreased. 

5.  Conclusions 

We  have  demonstrated  that  dual  catalyst  beds  composed  of  a 
metal  oxide  combustion  catalyst  followed  by  a  nickel  reforming 
catalyst  achieves  similar  yields  of  hydrogen  to  a  platinum  com¬ 
bustion  catalyst  followed  by  a  nickel  reforming  catalyst.  In  fact, 
at  operating  conditions  that  optimize  hydrogen  yield,  the  metal 
oxide  catalysts  achieve  the  same  yield  as  the  platinum  catalyst. 
The  metal  oxide  catalysts  demonstrated  no  signs  of  deactivation 
over  a  10  h  long  experiment. 

It  was  found  that  the  catalysts  undergo  some  physical  changes 
during  experimentation.  Characterization  and  spectroscopic 
techniques  will  be  used  in  a  future  investigation  to  determine 
how  the  catalyst  is  changing.  Despite  these  qualitative  changes 
in  the  catalyst,  no  degradation  in  catalytic  activity  was  observed. 
The  implications  of  this  research  on  fuel  reformers  is  that  the 
catalyst  cost  for  partial  oxidation  is  now  comparable  to  steam 
reforming,  since  the  use  of  noble  metals  has  been  eliminated. 
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